We present evidence that notochord and muscle differentiation are crucial for morphogenesis of the ascidian tail. We developed a novel approach for embryological manipulation of the developing larval tissues using a simple method to introduce DNA into Ciona intestinalis and the several available tissue-specific promoters. With such promoters, we misexpressed the Xenopus homeobox gene bix in notochord or muscle of Ciona embryos as a means of interfering with development of these tissues. Ciona embryos expressing bix in the notochord from the 64-cell stage develop into larvae with very short tails, in which the notochord precursors fail to intercalate and differentiate. Larvae with mosaic expression of bix have intermediate phenotypes, in which a partial notochord is formed by the precursor cells that did not receive the transgene while the precursors that express the transgene cluster together and fail to undergo any of the cell-shape changes associated with notochord differentiation. Muscle cells adjacent to differentiated notochord cells are properly patterned, while those next to the notochord precursor cells transformed by bix exhibit various patterning defects. In these embryos, the neural tube extends in the tail to form a nerve cord, while the endodermal strand fails to enter the tail region. Similarly, expression of bix in muscle progenitors impairs differentiation of muscle cells, and as a result, notochord cells fail to undergo normal extension movements. Hence, these larvae have a shorter tail, due to a block in the elongation of the notochord. Taken together, these observations suggest that tail formation in ascidian larvae requires not only signaling from notochord to muscle cells, but also a "retrograde" signal from muscle cells to notochord. © 2002 Elsevier Science (USA)
INTRODUCTION
The Ciona larva provides a uniquely simple and fastdeveloping model for studying evolutionarily conserved gene networks and cell-cell interactions that give rise to the basic chordate body plan. There has been much interest in the molecular basis of determination and differentiation of the notochord in ascidians, as Urochordates are the most primitive living organisms possessing a notochord. Notochord development in ascidians is similar to that of vertebrates, such as Xenopus. The notochord is flanked by muscles, a nerve cord extending dorsally from the trunk sensory vesicle, and a ventral endodermal strand (Satoh, 1994) . Studies in ascidian tadpoles have been facilitated by their rapid development and their simple notochord, which contains only 40 cells. In this report, we used the knowledge of the molecular mechanisms of notochord development to investigate morphogenesis of the ascidian tail.
In the ascidian Ciona intestinalis, the 40 cells of the notochord are arranged in 2 rows of 20 cells by the late neurula stage. The two rows subsequently converge and intercalate randomly to form a single column by the early tailbud stages, approximately 10 h after fertilization. Since the 40 notochord cells do not divide further, tail elongation relies exclusively on extensive cell-shape changes (Miyamoto and Crowther, 1985; Satoh, 1994; Di Gregorio and Levine, 1999) . On both sides of the notochord lie the 36 muscle cells organized in 2 symmetrical rows. By the early 
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Di Gregorio et al. tailbud stage, each muscle cell acquires a distinctive polygonal shape that is maintained during the extension of the tail during later development (Satoh, 1994) .
There has been much interest in determining whether the notochord affects the formation of surrounding tissues, such as the muscles and neural tube. Embryological studies to address this include removal or ablation of the notochord by notochordectomy and chemical and UV treatment of embryos (Kitchen, 1949; Malacinski and Youn, 1981) . These experiments indicate that, in the absence of notochord, axial elongation and neural plate closure occur normally. Removal of the notochord by these methods and analysis of the development of affected embryos by micros-
FIG. 2.
Expression of bix containing a point mutation in the recognition helix results in a less severe notochord phenotype. X-gal staining of embryos electroporated with Ci-Bra-lacZ (A) and Ci- Bra-bix MUT (V129 to A mutation) (B) or Ci-Bra-bix (C). The red arrowhead marks the notochord cells. Note that the notochord cells in the embryos expressing Ci-Bra-bix MUT have higher levels of ␤-gal activity than those expressing Ci-Bra-bix and show delayed or partial intercalation (n ϭ 142, 54% with phenotype). Morphologically, notochord cells in Ci- Bra-bix MUT are more similar to the controls.
FIG. 3.
Expression of bix in the notochord blocks expression of Ci-trop, a direct target of Ci-Bra. (A) X-gal staining of late-stage tailbud embryos expressing the Ci-trop-lacZ construct. LacZ expression is strong in the notochord, and weak ectopic expression is detected in the tail epidermis. (B) X-gal staining of embryos electroporated with Ci-trop-lacZ and Ci-Bra-bix. LacZ is not expressed in the notochord but is still expressed in the epidermis (n ϭ 50, 98% with phenotype). (C) Diagram illustrating the possible interactions between Bix and Ci-Bra.
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Tail Morphogenesis in C. intestinalis copy have limited scope. There is still much to be learned about the tissue interactions necessary for proper morphogenesis. A combination of traditional embryological methods and more recent molecular techniques, involving misexpression of genes, can facilitate such studies.
In this report, we use a novel experimental embryological technique to investigate whether notochord formation affects morphogenesis of muscle, nerve cord, and endodermal strand in C. intestinalis and also determine whether these tissues, in turn, affect notochord morphogenesis. As a means of disrupting notochord or muscle development, we have misexpressed the homeobox gene bix. Bix is an early target gene of the T-box transcription factors Xbra and VegT in Xenopus laevis (Tada et al., 1998; Casey et al., 1999) . We used bix in this study because overexpression of bix in Xenopus leads to the down-regulation of xbra expression and cells expressing bix are excluded from the notochord (Tada et al., 1998) . To study tail development in Ciona, we have electroporated one-cell embryos with bix transgenes that were expressed in either the developing notochord or muscles. We then analyzed the phenotype using muscle, nerve cord, endodermal, and notochord marker transgenes in Ciona embryos.
Our studies demonstrate that expression of bix in the Ciona notochord efficiently blocks development and terminal differentiation of these cells and that the disruption of the notochord impairs muscle and endodermal strand organization. The effects of misexpression depend on the number of cells that express bix transgenes. Using this technique, we have also addressed the role of muscle formation in notochord development, showing that misexpression of bix in muscle cells impairs differentiation of the muscles and, as a consequence, affects elongation of the notochord. These observations suggest that there are signals from the notochord, which are essential for patterning muscle cells, as well as extension of the endodermal strand and tail elongation. Moreover, notochord extension appears to require proper patterning and differentiation of the flanking muscle cells.
MATERIALS AND METHODS

Ascidians
Adult C. intestinalis were collected from Half Moon Bay, CA under permit from the State of California Department of Fish and Game. The animals were kept at 18°C in recirculating natural seawater. In vitro fertilization, dechorionation, and maintenance of embryos were carried out as described in Di Gregorio et al. (2001) .
Transgenes and Electroporation
A 1-kb cDNA fragment containing the full-length ORF of Xenopus bix1 (Tada et al., 1998) was amplified by PCR using specific primers containing NotI and BlpI restriction sites, then digested and inserted in the p72-1.27 vector, downstream of the Ϫ3.5-kb Ci-Bra promoter region (Corbo et al., 1997a) . The same cloning strategy was used for the mutant bix ORF. A single amino acid substitution was inserted into the bix homeodomain by using the QuickChange Kit (Stratagene).
A 2.7-kb fragment from the Ci-trop promoter region (Di Gregorio and Levine, 1999) was used to direct expression of bix in the notochord at later stages of development. Expression in muscle cells was obtained by cloning bix ORF downstream of a fragment of the Ci-sna promoter spanning 1 kb from the transcription start site (Erives et al., 1998) . Fragments of the Ciona forkhead upstream regulatory region were used to drive expression in the endodermal strand (Ϫ1.7 kb ⌬ Ci-fkh) and the lateral ependymal cells of the nerve cord (Ϫ1.1 kb Ci-fkh) (Di Gregorio et al., 2001) .
The transgenes used for coelectroporation experiments were the following: Ci-Bra-lacZ for notochord and occasional mesenchyme staining (Corbo et al., 1997a) ; Ci-sna-lacZ for muscle and occasional CNS/mesenchyme staining (Erives et al., 1998) ; Ϫ1.7 ⌬ fkh-lacZ for endodermal strand, trunk endoderm, and notochord staining; Ϫ1.1 kb fkh-lacZ for nerve cord, trunk epidermis, and staining of two pairs of muscle cells (Di Gregorio et al., 2001) .
The PCR-amplified regions were sequenced with the dideoxy chain-termination method (Sambrook et al., 1989) or by using an ABI Prism Sequencer.
Purified plasmid DNA (100 g) was used to electroporate onecell embryos as described (Corbo et al., 1997a) . Each transgene was tested in at least six independent experiments using different batches of embryos. Embryos were stained for ␤-galactosidase as described in Corbo et al. (1997a) .
Whole-Mount in Situ Hybridizations on Electroporated Embryos
Embryos electroporated at the one-cell stage with the Ci-Bra-bix transgene were allowed to develop at 15°C until the desired stage was reached, and they were then fixed in paraformaldehyde as described by Corbo et al. (1997a) and stored at Ϫ20°C. Subsequently, fixed embryos were hybridized with a digoxigenin-labeled RNA probe synthesized from the bix cDNA after linearization with appropriate restriction enzymes. Antisense RNA was synthesized by using T7 RNA polymerase (Promega). In situ hybridizations on whole-mount embryos were carried out at 55°C, essentially as described by Corbo et al. (1997a) .
RESULTS
Conserved Function of Bix in Xenopus and Ciona
Using the Ci-Bra promoter region (Corbo et al., 1997a) , it is possible to direct strong, early expression of the Xenopus homeobox transcription factor bix (Tada et al., 1998) in the developing Ciona notochord (Fig. 1A) . In situ hybridization for bix demonstrates that expression is often mosaic, presumably because the electroporated plasmids were differentially segregated in the notochord precursors.
When expressed in the notochord precursors of Ciona, bix strongly affects notochord development and differentiation. Ciona embryos electroporated at the one-cell stage with a Ci-Bra-bix fusion gene develop into larvae with short tails, in which the notochord precursors fail to intercalate and extend . This phenotype was accompanied by a strong reduction in the expression of a coelectroporated reporter transgene Ci-Bra-lacZ. Since overexpression of bix was shown to lead to the downregulation of Xbra in Xenopus, it is likely that this function is conserved in Ciona.
The effect of Bix on notochord development is proportional to the number of notochord precursors that incorporate the transgene. Larvae with mosaic incorporation exhibit intermediate phenotypes, in which a partial notochord is formed by those notochord precursors that did not receive the transgene (Figs. 1C and 1D ). In contrast, notochord precursors that did incorporate the Ci-Bra-bix transgene tend to cluster together and do not extend in the tail or undergo the changes in cell shape that are normally observed (Figs. 1C-E, 1G and 2C).
To address whether the effects of Bix are specific, a point mutation (V129A) was introduced into the third helix of the homeodomain of bix. Mutation of this amino acid residue, which is conserved in the mix family of homeobox genes, is predicted to disrupt or alter DNA binding. Interestingly, this conservative V to A change caused bix MUT to be less effective at disrupting notochord development in Ciona (Fig. 2B ). The notochord cells show higher levels of lacZ driven by the Ci-Bra promoter and greater caudal extension. While the single amino acid change does not block bix function entirely, it seems to indicate the necessity for a normal DNA-binding domain.
Effects of Bix on the Expression of Ci-Bra Target Genes
Although Bix interferes with notochord development, Ci-Bra-lacZ is expressed weakly in these cells. Therefore, these cells presumably still express low levels of Ci-Bra. To determine the extent of notochord development in affected cells, we assayed lacZ expression driven by the Citropomyosin-like (Ci-trop) promoter. Ci-trop is a marker of notochord differentiation and a direct target of Ci-Bra (Di Gregorio and Levine, 1999) . It is first expressed at gastrula stage, peaks at neurula stage, and is expressed through tailbud stage (Fig. 3D) . A 1.4-kb Ci-trop promoter fragment drives lacZ expression in the notochord and sporadically in tail epidermis (Fig. 3A) (Di Gregorio and Levine, 1999) . Ciona larvae coelectroporated with Ci-Bra-bix and Citrop-lacZ do not have ␤-gal activity in the notochord, but do have activity in the epidermis (Fig. 3B ). This indicates that the effects on notochord development are a direct consequence of Bix-inhibiting Ci-Bra expression. Thus, Bix inhibits Ci-Bra, and therefore, the levels of Ci-Bra are insufficient to activate genes such as Ci-trop, which are directly downstream (summarized in Fig. 3C ).
Stage-Specific Effects of bix Expression in Notochord Cells
The Ci-Bra promoter drives strong expression in the notochord from the 64-cell stage (Corbo et al., 1997a) . In contrast, the Ci-Bra target promoter, Ci-trop, is active from late gastrulation through the late tailbud stages (Di Gregorio and . To study the results of a late and prolonged expression of bix in notochord cells, we placed the bix coding region under the control of the Ci-trop regulatory region (Fig. 4) .
We observed that larvae electroporated with the lateexpressed Ci-trop-bix transgene (Fig. 4 , right panels) expressed much higher levels of Ci-Bra-lacZ than those electroporated with the Ci-Bra-bix transgene (Fig. 4 , middle panels). The morphology of the notochord cells was not normal, but the cells did differentiate from a circular to a disk shape. Furthermore, the notochord cells extended caudally, though their intercalation movements were significantly delayed when compared with the control larvae (Fig. 4, left panels) . At the late tailbud stages (Fig. 4B) , this results in an abnormal extension of the tail, which is bent in the regions where intercalation did not occur or was delayed.
Effects of Notochord Disruption on Adjacent Tissues
To observe the effects of altered notochord development, we coelectroporated the Ci-Bra-bix transgene with different tissue-specific reporter constructs. This enabled us to monitor the development of the nerve cord, endodermal strand, and muscle cells, all of which lie adjacent to the notochord. In particular, to monitor extension of the nerve cord in the tail, we used a truncation of the Ci-fkh/HNF-3␤ promoter region (Di Gregorio et al., 2001 ) that directs expression in the lateral regions of the nerve cord and in the trunk epidermis. We observed that, in approximately 80% of the larvae with the Ci-Bra-bix transgene, the nerve cord extends to the posterior regions of the larval body (Fig. 5A) .
Another version of the Ci-fkh/HNF-3␤ promoter region contains an internal deletion that removes the cisregulatory region responsible for trunk epidermis and CNS expression. This transgene therefore directs strong expression only in the notochord and endoderm (Di Gregorio et al., 2001) . Coelectroporation of this transgene and the Ci-Bra-bix plasmid showed that the endodermal strand does not extend to the posterior regions of the tail in any of the larvae with the transgene (Fig. 5B) .
Finally, we monitored development and differentiation of muscle cells in the phenotypically mutant larvae by using a truncated version of the Ciona snail promoter region (Ci-sna 737; Erives et al., 1998) , which directs strong expression of the lacZ reporter gene in muscle cells and sporadic expression in the nerve cord and trunk mesenchyme. We noticed that muscle cells adjacent to the partial notochord were properly patterned, while those closer to the notochord cells transformed by Bix did not align properly and did not adopt the polygonal shape that is characteristic of properly developed muscle cells (Fig. 5C ). Therefore, misexpression of bix in the notochord prevents differentiation and intercalation of the notochord cells, and this interferes with extension of the endodermal strand and with the organization of the muscle cells.
Effects of bix Expression in Muscle and Neural Cells
We next asked whether muscle differentiation plays a role in tail morphogenesis. We predicted that expression of Bix throughout tailbud stages would also disrupt differentiation of muscle because, in Xenopus, it is turned off in the mesoderm by late gastrulation (Tada et al., 1998) . Embryos were electroporated with the Ci-sna-bix construct (Fig. 6) , and muscle differentiation was monitored with the Ci-snalacZ reporter construct.
As predicted, when expressed in muscle cells, Bix impaired differentiation. Muscle cells of mutant larvae did not show the typical polygonal shape seen in controls (Fig. 6A , orange arrowhead), but rather looked rounder and did not elongate properly (Fig. 6B, upper inset) . Furthermore, the notochord cells were closely apposed, like a pile of coins (Fig. 6B, lower inset) , and as a result, the tail was considerably shorter than the control. At later stages, while the control larvae had long tails (Fig. 6C) , larvae expressing Bix in the muscle cells had a shorter, kinked tail, which is probably due to the block of notochord extension (Figs. 6E  and 6F ), but may also indicate a role for muscle extension in elongation of the tail. Ci-sna-bix larvae that were allowed to develop until hatching had curled tails, and less than 5% exhibited hatching movements. This was a striking differ- ence from control larvae that had long, extended tails and active hatching movements. We also monitored notochord terminal differentiation by comparing the number and morphology of the vacuoles. In control larvae, the vacuoles had merged to form a single cavity, while in Ci-sna-bix larvae, there were fewer vacuoles and they had not yet fused together. As expected, Ci-Bra-bix larvae developed very short tails and lacked vacuoles and swimming movements. They resembled chongmague mutants characterized in Ciona savignyi (Nakatani et al., 1999) . On the other hand, despite the delay induced by the Ci-trop-bix transgene in the intercalation movements, the majority of larvae had tails that were similar in length, number of vacuoles, and swimming movements to the controls. 
Tail Morphogenesis in C. intestinalis
We also monitored the effect of Bix in muscle cells on the formation of the nerve cord and endodermal strand. Again, in the larvae with the bix transgene, the nerve cord extended to the posterior region of the tail (Fig. 6G) . However, the morphology of the nerve cord was considerably altered (Fig. 6G, inset) . This is probably due to sporadic misexpression of bix by the Ci-sna promoter in the lateral regions of the neural tube (Erives et al., 1998) since, as previously discussed, the Ci-sna promoter region drives sporadic expression in the nerve cord. Also, as seen in the Ci-Bra-bix embryos, the extension of the endodermal strand to the posterior regions of the tail was impaired in the mutant larvae (Fig. 6H ). This phenotype, like the notochord phenotype, is much less severe than that seen in Ci-Bra-bix embryos. The endodermal strand appears to extend as far as the notochord, resulting in a range of phenotypes from no extension to extension down 75% of the tail as seen in the representative embryo in Fig. 6H .
Is Bix an Evolutionarily Conserved Regulator of Mesoderm Patterning?
Based on the disruptive effects observed in Xenopus, we chose to misexpress bix in the developing notochord as a broad inhibitor of mesodermal differentiation. However, while this manuscript was in preparation, the Ciona intestinalis genome project ongoing at the D.O.E. Joint Genome Institute (Walnut Creek, CA) provided a portion of the sequence of a bix/mixer homologue in the Ciona genome. The sequence available thus far spans from amino acid 22 through the homeodomain to amino acid 205. This 549-bp fragment has 75% identity with Xenopus bix, and the 180-bp homeobox contains only a single base pair difference. This may explain the conserved mode of action of Bix between Ciona and Xenopus. In the near future, we will characterize the spatial and temporal expression of the putative Ci-bix and compare sequences of the regulatory region with that of Xenopus bix.
DISCUSSION
To disrupt notochord and muscle development, we have misexpressed the homeobox gene bix in the tail of C. intestinalis by using various tissue-specific regulatory sequences. Bix, a target gene of the Xenopus T-box transcription factors Xbra and VegT (Tada et al., 1998; Casey et al., 1999) , has yet to be characterized in Ciona, but we chose to use it as a "poison" of notochord and muscle development for three reasons. First, overexpression of bix downregulates Xbra expression in the presumptive mesoderm of X. laevis embryos. Second, when bix RNA is targeted to presumptive notochord cells, these cells are excluded or diverted from the notochord. Third, bix is not expressed in mature notochord or muscle cells; expression is turned off by late gastrulation (Tada et al., 1998) . We demonstrate that, in Ciona, Bix blocks intercalation and elongation of notochord cells, possibly via down-regulation of Ci-Bra expression. This inhibition of notochord development interferes with the elongation and organization of the adjacent muscle cells. Interestingly, in these same embryos, the notochord cells that do not express bix develop normally as do the neighboring muscles cells. Furthermore, overexpression of bix in the presumptive muscle directly interferes with patterning and elongation of the muscle cells and indirectly affects elongation of the notochord. Therefore, the notochord must extend for the muscle cells to elongate, and the muscle cells must elongate for the notochord to fully extend and elongate. These data indicate that the notochord and muscle cells are organized coordinately and that information is sent from the notochord to the muscles as well as from the muscles to the notochord.
Bix Interferes with Terminal Differentiation of the Notochord
As predicted, misexpression of bix in Ciona led to decreased Ci-Bra expression and disruption of notochord development. Like the heterozygous Brachyury mutant mice, the Ciona embryos have very short or no tails (Hermann et al., 1990) . Furthermore, the Ci-Bra-bix embryos are similar to those of zebrafish brachyury mutants (no tail, ntl) in that the notochord is not converted to muscle, as it is in floating head (Xnot) mutants (Halpern et al., 1995) , but rather consists of residual notochord precursor cells that do not differentiate (Halpern et al., 1993; Odenthal et al., 1996) . It is clear that the notochord precursor cells are still present, as they weakly express Ci-Bra as determined by expression of Ci-Bra-lacZ; however, they do not intercalate or extend. The mosaic incorporation of electroporated constructs allowed us to determine that this effect is dose-dependent and cell-autonomous, as expression of bix in half of the primary notochord cells (as in Figs.  1C and 1D ) results in the inability of only those cells to intercalate or elongate. The remaining cells develop normally, forming partial notochords.
Our experiments demonstrated that a mutation in the recognition helix of the Bix DNA-binding domain results in a milder phenotype in which there are higher levels of expression of Ci-Bra-lacZ. This suggests that the notochord phenotype is due to Bix binding to specific regulatory sequences and down-regulating expression of Ci-Bra. Since overexpression of bix also negatively regulates xbra expression in Xenopus, it is likely that there are conserved mechanisms of regulation of Brachyury expression by Bix. Within the 3.5-kb Ci-Bra promoter, there are generic homeobox consensus binding sites (TAAT), which may serve as binding sites for Bix. The Ci-Bra-bix phenotype mimics the short-tail phenotype seen when Ci-Bra expression is abolished by Cs-Bra morpholino oligonucleotides in C. savignyi or by the dominant negative FGF receptor in another ascidian species, Halocynthia roretzi (Satou et al., 2001; Shimauchi et al., 2001) . Furthermore, we demonstrate that embryos expressing Ci-Bra-bix do not express Ci-trop-lacZ, indicating that direct target genes of Ci-Bra, such as Ci-tropomyosin-like, are not activated in the affected embryos.
Severity of Notochord Disruption Depends on When bix Is Expressed
The effect of Bix on notochord development depends on the time at which it is expressed. When bix is expressed during late gastrulation with the Ci-trop promoter instead of prior to gastrulation with the Ci-Bra promoter, the transgenic embryos have only a weak notochord phenotype. The notochord cells do not intercalate fully but do differentiate more than Ci-Bra-bix notochord cells, and as a result, the embryos develop longer tails. We interpret these phenotypic differences to be due to the late-timed expression of bix and not due to lower levels of bix expression. Previous experiments demonstrated that Ci-trop is a strong promoter and there is no obvious difference in the maximal expression levels of Ci-Bra and Ci-trop (Corbo et al., 1997a; Di Gregorio and Levine, 1999) . Our data suggest that expression of bix at the 32-cell stage down-regulates expression of Ci-Bra, thereby preventing the activation of early Ci-Bra target genes such as Ci-trop or Ci-prickle (see Fig.  4C ). In contrast, using the Ci-trop promoter, we delay expression of bix until gastrulation, allowing Ci-Bra to activate expression of immediate-early targets that encode proteins required for the early steps of notochord differentiation (Hotta et al., 1999) . For example, we would expect the genes required for intercalation but not elongation to be activated in Ci-trop-bix transgenic embryos. Furthermore, expression of bix Mut allows for intermediate levels of Ci-Bra expression as determined by Ci-Bra-lacZ expression, and this phenotype is distinct from the Ci-trop-bix phenotype in which the notochord cells intercalate and differentiate partially. These observations support the idea that the Ci-trop-bix phenotype is due to the time of expression of bix and not to the level of expression. Since the Ci-Bra and Ci-trop promoters drive expression at defined and distinct times, they will serve as useful tools to dissect the regulatory programs required specifically for notochord intercalation or elongation.
The use of a second promoter to drive bix expression is not only useful to define the different developmental programs of notochord development, but also produces an interesting intermediate phenotype. The representative embryo in Fig. 4A (right panel) demonstrates that a portion of the notochord cells can intercalate and form a notochord, while the remaining cells do not intercalate and remain in a cluster. The majority of the cells in the cluster express Ci-Bra-lacZ and therefore should also contain the Ci-tropbix transgene. Interestingly, some of the cells within the partial notochord also express Ci-Bra-lacZ. Therefore, even though they express bix, they are integrated into the partial notochord. The ability of these cells to form a partial notochord clearly demonstrates that the formation of a notochord requires neither all 40 cells nor direct contact with a specific cell type on each side. In fact, the partial notochord has an array of muscle cells on one side, but is flanked on the other by a mass of notochord cells that do not intercalate.
Disruption of Notochord Extension Interferes with Muscle Patterning and Extension of the Endodermal Strand but Not Extension of the Nerve Cord
These studies also revealed that extension of the notochord is required for organization of the muscle cells. Because the notochord does not extend in the Ci-Bra-bix embryos, the tails of these tadpoles are malformed and often kinked. A bend occurs on the side in which the notochord cells are expressing bix. As stated previously, notochord cells without bix extend normally, while the cells expressing bix stay in a cluster and do not migrate. Next to the normal notochord cells are muscle cells that align normally and either a nerve cord (dorsal) or an endodermal strand (ventral). However, adjacent to the bixexpressing notochord cells are muscle cells that do not align properly and often remain in clumps. This is similar to the phenotype seen in T wis mutant mice and ntl mutants in zebrafish, in which muscle cells exhibit aberrant differentiation and the muscles are fused and disorganized (Conlon et al., 1995; Odenthal et al., 1996) . Interestingly, disruption of the notochord also affects extension of the endodermal strand but not the nerve cord. This correlates with conclusions derived from work in Xenopus, demonstrating that removal of the notochord in early neurula prohibits the formation of the hypochord, an endodermal structure ventral to the notochord (Cleaver et al., 2000) . However, removal of the notochord by UV irradiation does not alter neural plate closure (Malacinski and Youn, 1981) . Since removal of the notochord at later stages does not affect hypochord formation or development, it appears that notochord signals are only required to initiate formation of the hypochord. In our experiments, we disrupt notochord formation at very early stages and the cells of the endodermal strand adjacent to the notochord either do not form or do not extend or only extend as far as the notochord. These results indicate that signals from the notochord are required to organize both muscles and endodermal strand.
Bix Interferes with Differentiation of the Muscles and Nerve Cord
We used the Ci-sna promoter to misexpress Bix in the muscle cells. In Xenopus, bix is expressed throughout the mesoderm of early gastrulae but is not expressed by the end of gastrulation. As predicted, strong expression of bix in muscle precursors from the 64-cell stage through tailbud stages affects muscle differentiation in Ciona. As a result, Ci-sna-lacZ was expressed at significantly lower levels than in control embryos and muscle cells did not elongate as extensively as in wild-type embryos. It is possible that, in the muscle, Bix down-regulates expression of the T-box transcription factor, As-T2. As-T2 is expressed in the muscles and tip of the tail of H. roretzi and is homologous to vertebrate tbx6 (Mitani et al., 1999) . We identified a cluster of five homeodomain general consensus binding sites in the 380 bp upstream of the Ciona As-T2 homolog. While down-regulation of As-T2 by Bix would disrupt muscle formation, one would predict a more severe phenotype based on work by Mitani et al. (2001) , in which the dominant negative As-T2 (As-T2/EN R ) is expressed in muscle cells of H. roretzi. In these embryos, expression of muscle-specific actin and myosin heavy chain is suppressed and the embryos do not form a tail (Mitani et al., 2001) . The phenotype of the muscle cells in embryos expressing Ci-sna-bix is not as severe. The cells still resemble muscle and are simply disorganized. Misexpression of Bix throughout muscle development could affect any number of steps required for proper muscle formation; however, it does appear to act early in the developmental pathway because Ci-sna expression is decreased.
We noticed that the fragment of the Ci-sna promoter region used to misexpress bix still directs sporadic expression in the lateral regions of the neural tube (Erives et al., 1998) . Although weak and sporadic, the expression of bix in this region of the developing nerve cord resulted in an interference with the differentiation of the lateral ependymal cells. Thus, in a small percentage of larvae, the nerve cord was still able to extend to the posterior region of the tail, but had much larger cells than normal. Nonetheless, the cells still drove expression of Ϫ1.1 kb Ci-fkh-lacZ.
Interestingly, our experiments demonstrate that, not only does notochord development affect muscle organization, but muscle development also affects notochord development. The notochord cells adjacent to the bix-expressing muscles cells did not elongate as in control embryos. This resulted in kinked tails. These observations suggest that not only does the notochord send signals to the muscle but the muscle might also send a retrograde signal to the notochord.
ACKNOWLEDGMENTS
This work was supported by a grant from the NSF (IBN-9514138) to M.L. and from the NIH (GM 42341) to R.M.H. We thank Dr. John Wallingford (UC Berkeley) for critical reading and helpful suggestions and Dr. Dan Rokhsar (Joint Genome Institute and UC Berkeley) for kindly providing the putative Ci-bix sequence. 
